Abstract. Indoleamine 2, 3-dioxygenase (IDO) catalyzes the initial and rate-limiting step in the degradation pathway of the essential amino acid tryptophan and is expressed by professional antigen presenting cells (APCs), epithelial cells, vascular endothelium and tumor cells. IDO-mediated catabolic products, which are additionally termed ʻkynureninesʼ, exerts important immunosuppressive functions primarily via regulating T effector cell anergy and inducing the proliferation of T regulatory cells. This endogenous tolerogenic pathway has a critical effect on mediating the magnitude of immune responses under various stress conditions, including tumor, infection and transplantation. The present review evaluates the recent progress in elucidating how catabolism of tryptophan regulated by IDO modulates the immune response to inflammatory and immunological signals. Blocking this pathway may be a novel adjuvant therapeutic strategy for clinical application in immunotherapy. 
Introduction
As a highly evolved biological response, immunoregulation not only coordinates inflammation and innate immunity, however may additionally modulate adaptive immunity and establish self-tolerance. Continuous access to nutrients is a primary requirement for cell proliferation, and controlling nutrient supply is an ancient survival strategy that may additionally regulate immune response. Indoleaine 2,3-dioxygenase (IDO) is a tryptophan enzyme composed of two-helical α-domains with a heme group located between them (1-2). A total of two forms of the IDO gene (IDO1 and IDO2) have been identified, however, the majority of studies have investigated the function of IDO1, and the physiological role of IDO2 remains unclear.
The immune regulating properties of IDO were first described in the prevention of T-cell-mediated allogenetic fetus rejection in mice, verifying that IDO synthesized in placental cells protects the mammalian fetus from maternal T lymphocyte attack (3) . The degradation of tryptophan and accumulation of tryptophan-derived catabolites by IDO may lead to the suppression of T-cell proliferation at mid-G1 phase, the inhibition of activated T effector cells, and the induction of T, B, and natural killer cell apoptosis (1, 3) . IDO has previously been demonstrated to be expressed in various tissues, including human lung, placenta, and small intestine and is upregulated during inflammation. Physiologically, IDO is pivotal in regulating the immune response to antigenic challenges at mucosal surfaces in the digestive tract and lungs (4) . Furthermore, the induction of IDO and the subsequent deprivation of tryptophan in the microenvironment, exerts an antiproliferative effect on T cells and infectious pathogens (3) . IDO is recognized to be an authentic regulator of immunity in a variety of pathophysiological settings, including infections,
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Properties of the IDO enzyme
IDO, a 407-amino acid heme-containing cytoplasmic protein, is coded by the INDO gene located on chromosome 8p12 in humans. The enzyme is responsible for the primary mechanism of extra-hepatic tryptophan metabolism and is expressed in professional APCs, epithelial cells, vascular endothelium and tumor cells (1, 2, 5) . The IDO gene is regulated by upstream interferon (IFN)-γ responsive elements that bind to activated signal transducer and activator of transcription 1 (STAT1), interferon regulatory factor-1 and nuclear factor-κB (NF-κB) (6) . IDO activity is strongly associated with an environment enriched with redox active compounds, which are required to generate the active Fe2 + form for tryptophan metabolism. IDO enzymatically degrades tryptophan and other indoleamine compounds via oxidative cleavage of the pyrrole ring, resulting in an accumulation of downstream breakdown products of kynurenine, in addition to other defined metabolic products, which have been previously reported to exhibit biological activity in the immune system ( Fig. 1) (7) . Currently, the ratio of kynurenine/tryptophan is regarded as a method to determine the enzymatic activity of IDO. Furthermore, adding strong reductants (methylenum coeruleum, vitamin C) into the IDO culture system results in the maintenance of the superoxide anion, an accessory factor of IDO, at a high concentration, thus enhancing its activity. The enzymatic activity of IDO is mitigated by natural immunomodulators including nitric oxide, which are able to combine with the heme tetrapyrrole group (8) .
IDO expression has been revealed to be markedly different between various cells depending on the specific cell type, the maturational state and the activation status of the cells. The catabolic pathway regulated by IDO activity results from activity of two different genes, termed IDO1 and IDO2. Mice and humans possess the two associated genes tightly in a syntenic region of chromosome 8 (9) . The two genes exhibit sequence homology, however, they respond differently to various signals in distinct cell types, and their patterns of gene regulation and expression are not identical. Currently, IDO1 is the more comprehensively studied of the two genes, however IDO2 is gradually being recognized. It has previously been demonstrated that IDO expression and enzymatic activity is mediated by suppressor of cytokine signaling 3 (SOCS3), NF-κB, DNAX-activation protein 12 and interferon regulatory factor-8 pathways. In addition, IDO protein levels and activity are modulated posttranslationally via ubiquitination or protein nitration via inducible nitric oxide synthase (iNOS). Administration of iNOS blockers following transplantation has been demonstrated to improve allograft function and attenuate graft damage (10).
IDO pathways and immune regulation
Uncontrollable immune responses may be fatal, therefore the immune system is delicately balanced between immunity and tolerance. IDO, as a major inhibitor of the immune response, appears to be pivotal in imposing restrictions on potentially exaggerated inflammatory reactions to danger signals. IDO contributes to immune regulation via catalyzing tryptophan along the kynurenine pathway. IDO modifies the immune response via three pathways: i) by depleting tryptophan in the local microenvironment, IDO results in metabolic stress sensed by general control nondepressible-2 (GCN2) kinase and mammalian target of Rapamycin (mTOR), which eventually promotes anergy in responding T cells and directs the conversion of regulatory T cells (Treg) (11) ; ii) by producing tryptophan catabolism that binds to a natural ligand for the aryl hydrocarbon receptor (AhR), IDO similarly results in immunosuppressive effects on the immunogenicity of dendritic cell (DCs) reduction and the Treg conversion (12); iii) by inducing Treg function, IDO as a signaling protein shapes the immunological microenviroment in vivo. The following section identifies mechanisms by which IDO pathways are implicated in modulating immune regulation.
IDO depletes tryptophan and produces bioactive downstream metabolites
Effector pathways: GCN2 activation and mTOR suppression. IDO activity decreases the local concentration of tryptophan in the IDO-expressing cell and in the microenvironment surrounding nearby cells. Tryptophan depletion by IDO may act as a potential regulatory signal via two signaling pathways: activation of the molecular stress-response pathway, including GCN2 kinase, which directly binds to uncharged tryptophan tRNAs, and suppression of the mTOR kinase pathway, which is known to regulate immune reactions (13) . DCs expressing IDO may induce the immunosuppressive activity of Tregs, however this effect is observed to be abrogated by genetic disruption of GCN2. Depletion of tryptophan has been demonstrated to mediate the activation of the GCN2 pathway for downregulating the CD3 ζ-chain in CD8 + T cells and blocking Th17 cell differentiation (14) . GCN2 blunts protein translation by phosphorylating its downstream target, initiating eukaryotic translation initiation factor 2 α (eIF-2α), resulting in blockade readout of the majority of RNA transcripts, except for the LIP RNA transcript. IDO supports interleukin (IL)-6 production through GCN2 activation and was revealed to affect myeloid-derived suppressor cell function and tumor progression (15) . A previous study in nephritis mouse models, conducted by Chaudhary et al (16) , suggested that kidney injury of mice were improved by amino acid metabolism and protected from the autophagic response. The IFN-γ-mediated induction of IDO activity with subsequent activation of GCN2 is implied in the metabolic signaling process. These results outline the IDO-GCN2 pathway, as a critical negative feedback mechanism in glomerular stromal cells, via inducing autophagy that limits inflammatory renal pathological alterations. Therefore, the IDO-GCN2 pathway mediates amino-acid levels and may contribute to a generalized mechanism of regulating the immune response.
Amino acid withdrawal additionally has an effect on the nutrient-sensing mTOR pathway. IDO-mediated catabolism of tryptophan inhibits mTOR and T cell receptor protein kinase C-sita (PKC-θ), which are regulatory targets of the master amino acid-sensing galactokinase 1 acting upstream of mTOR (17) . Furthermore, in the tumor microenvironment, blockade of mTOR by IDO was reported to trigger autophagy in anergized T cells, whereas the opposite effect was observed in tryptophan restoration, which relieved mTOR blockade (18) . The observation of blockade of mTOR by IDO suggests it may act as a pivotal regulator, however direct effects of IDO on the mTOR pathway have not yet been fully elucidated, and further research is required to verify the specific mechanism.
Effector pathways: Tryptophan catabolites as ligands for AhR.
In addition to GCN2 kinase, it has previously been demonstrated that the breakdown products of tryptophan catabolism are important crucial mediators in the IDO pathway. It was revealed that high IDO expression and tryptophan metabolites (3-hydroxykynurenine and 3-hydroxyanthranilic acid) in transgenic DCs, irreversibly inhibit allogeneic T-cell proliferation. Conversely, increased kynurenine/tryptophan ratios in plasma IDO + DC may promote the production of Tregs and induce the effector T cells in the state of anergy or apoptosis. Kynurenine catabolites exert a cytotoxic function on CD3 + cells, however the molecular mechanism remains to be fully elucidated, and potentially involves in inhibition of T cell costimulatory signaling via 3'-phosphoinositide-dependent kinase 1 (an essential mediator of CD28-induced NF-κB activation) pathway and activation of signaling via AhR (19) .
AhR is a transcription factor that is activated by dioxin-like kynurenine-related ligands. AhR has previously been implicated in the inflammatory and immune regulations that IDO is involved in. The immunological effects of AhR activation on T cell subsets appear to be immunosuppressive, including arrest of T cell activation, induction of differentiation of Foxp3 + Treg cells, alterations in the functional immunogenicity of DCs and suppression of anti-tumor immune responses (20) . AhR signaling in DCs is additionally required to induce the expression of functional IDO, indicating occurrence of crosstalk between the two pathways. Kynurenine regulates an effector signaling pathway from IDO in activating AhR, however additionally regulates tryptophan catabolizing enzyme, tryptophan 2,3-dioxygenase, which has the capacity to inhibit anti-tumor immune responses and promote tumor cell survival (21).
Metabolites of tryptophan are directly toxic to CD8 + T cells and CD4 + Th1 cells, however not to Th2 cells, therefore enhanced IDO activity appears to redirect T helper cell polarization toward a Th2 phenotype. IDO activity may be partially counteracted by two negative feedback loops, including kynurenine increasing IL-6 expression through AhR and eIF-2α, leading to incremental B-lymphocyte induced maturation protein 1 levels, which impede the INDO promoter region (22) . This allows for fine tuning of IDO activity to maintain a balance between immune activation and suppression, as necessary. Therapeutically, administration of kynurenine compounds may protect transplanted tissues from an inflammatory reaction response and promote immune tolerance.
Effector pathways: A signaling protein in NF-κB pathway. It was indicated that IDO may function as a signaling protein responsible for the self-amplification and maintenance of a stably regulatory phenotype in plasmacytoid dendritic cells (pDCs) rather than a catalyst. For pDCs treated with transforming TGF-β in mice, this signaling function occurs via recruitment and activation of Src homology region 2 domain-containing phosphatase proteins bonding to immunoreceptor tyrosine-based inhibitory motifs in the Fyn-dependent phosphorylation of IDO molecule. IDO then initiates a circuit of downstream signaling effectors, including the noncanonical NF-κB pathway, that result in sustained tumor growth factor (TGF)-β production, induction of type I interferons and the regulatory pDC phenotype, ultimately inducing long-lasting IDO expression and autocrine TGF-β secretion in a positive feedback loop (23) . Furthermore, noncanonical NF-κB signaling downregulates proinflammatory cytokine production in DCs, and selective activation of the noncanonical NF-κB pathway gives rise to noninflammatory DCs that suppress T cell activation and promote the development of T cells with regulatory properties (24) . Accordingly, noncanonical NF-κB signaling in DCs is required for IDO induction and immune regulation. stimulation (Fig. 2) . T cells activated by DCs expressing IDO recognize the antigen and enter into cell cycle, however IDO-induced activation of GCN2 blocks subsequent cell cycle progression, leading to the inhibition of Th17 differentiation and the increase of T cell apoptosis. The IDO activity fails to regulate T cells in the case of GCN2 dependent amino acid stress response pathways defected (13, 15) . Additionally, the IDO-mediated redox in DCs may affect T cell sensitivity. In a model of pulmonary aspergillosis in mice, a superoxide-dependent step in tryptophan metabolism along the kynurenine pathway is inhibited, leading to unrestrained T-cell reactivity, dominant production of IL-17, and defective regulatory T-cell activity (25) . However, whether T cells are regulated by IDO activity solely in DCs that present antigens directly to T cells, or whether T cells activated by DCs not expressing IDO would be affected by local IDO activity in bystander DCs, remains to be clarified.
Regulatory effect of IDO on T cells and
The majority of immune responses are naturally blocked by increasing CD4 + CD25 + Foxp3 + Tregs. The IDO pathway is conducive to regulation of Treg lineage commitment and function. In vitro, tryptophan depletion (sensed by GCN2) acts synergistically with kynurenine metabolites to redirect CD4 + T cells to differentiate into Foxp3 + Treg cells. In vivo, inhibition or knockout of IDO genes prevents the antigen-specific Tregs in response to pathogen challenge and decreases the ratio of T regulatory/T effector cells (26) . The B7 receptors on DCs expressing IDO bind to cytotoxic T-lymphocyte antigen 4 (CTLA4) on Tregs, resulting in their proliferation and antigen-specific anergy (5, 11) . Under conditions of IDO ablation, resting Tregs convert uniformly into a phenotype resembling proinflammatory Th17 cells. The reprogrammed Treg cells following IDO-blocking have been characterized as analogous to that of ʻpolyfunctionalʼ T-helper cells co-expressing IL-17, IL-2 and tumor necrosis factor-α (27) . Therefore, IDO is important in the differentiation of Foxp3 + Tregs to Th17-like effector cells. IDO stimulates Treg cell bystander suppressor activity and simultaneously inhibits the IL-6 secretion, which is required for the conversion of Tregs into Th17-like effector cells. Notably, human monocyte-derived DCs upregulate IDO expression induced by proinflammatory cytokines, expanding the population of allogenetic autologous Tregs. These Tregs suppress autologous and allogeneic proliferation of T-cells and repress the generation of antigen-specific CTL (28) .
Therefore, IDO pathways and IDO-mediated tryptophan degradation, regulate the balance between effector T cells and Tregs in favor of Tregs. This transition may control excess inflammation and prevent immune-mediated pathology. However, whether IDO represents a predominant mechanism or operates in a synergistic manner in combination with other tolerogenic effects, requires further investigation.
Role of IDO in immune suppression
The role of IDO in cancer. IDO is widely overexpressed in tumor cells and acts at multifarious levels to establish a more hospitable environment for tumor progression. It has previously been demonstrated that increased expression of IDO is predominantly associated with poor prognosis in a variety of cancer types, including ovarian, endometrial, colorectal and cervical cancers (29) (30) . Studies using murine models have indicated that IDO expression is not always present in tumor cells, however may be located in tumor-draining lymph nodes or in surrounding stroma near the tumor margins (31) . IDO activation in either tumor cells or nodal regulatory DCs appears to be adequate to facilitate tumor immune escape. There are two potential sites for the immunosuppressive action of IDO in tumor-bearing hosts: Firstly, IDO expressed by the tumor cells enables creation of a localized immunosuppressive milieu in the tumor, either by inhibiting effector function and proliferation of T cells in the tumor, or by utilizing toxic metabolites of tryptophan to directly kill infiltrating T cells. Alternatively, host DCs expressing IDO are able to identify tumor-derived antigens and transfer them to tumor-draining lymph nodes where they would present the antigen to naive T cells for induction of T-cell deletion, a failure of clonal expansion, or perhaps even the biasing of various cells toward a regulatory phenotype. DCs respond to low tryptophan by increasing expression of the inhibitory receptors Ig-like transcript 3 (ILT3), ILT4 and TGF-β1, which renders them immunosuppressive APCs (32) . Due to the potent immunological functions of IDO, upregulation of IDO by host APCs or tumor cells may be critical for the induction of the tumor-tolerant environment.
Mouse genetic research has demonstrated that IDO overexpression may be regulated by inactivation of bridging integrator (Bin)1 (a tumor suppressor gene), which appears to prevent cancer development to a significant extent by limiting immune escape (6) . However, Bin1 expression in human tumors is extinguished by aberrant RNA splicing patterns and altered gene methylation patterns. Furthermore, it has been indicated that inactivated Bin1 generates cancer cell-intrinsic benefits for cell proliferation and survival. In an in vitro study, transformation of Bin1-null and Bin1-expressing primary mouse embryo keratinocytes with oncogenes, produced cell lines which then were grafted into syngeneic animals. The Bin1-null cells appeared to form larger tumors, whereas only indolent nodules were seen in the Bin1-expressing cell group. Overall, overexpression of IDO accompanied by Bin1 inactivation or loss promotes tumorigenesis by enabling immune escape (33) .
The role of IDO in transplantation. Successful and sustained allograft tolerance is based on effective control of the potential immune reaction. Current treatments employ a general immunosuppressant, which results in patient susceptibility to pathogenic infection and potentially severe adverse effects. Mice with IDO knockout experience acute rejection injury of transplanted major histocompatibility complex mismatched grafts, whereas long-term survival occurs in wild-type mice with high-level tryptophan catabolism (34) . Further experiments of liver transplantation have demonstrated that IDO expression of Kupffer cells demonstrates a time-dependent increase in the tolerance group, and the number of IDO-positive cells are closely associated with the severity of acute reaction (35) . A further study demonstrated that IDO + DC transfusion prolongs the survival of recipients in small bowel transplantation models, and more efficient results may be obtained with 3-hydroxyanthranilic acid treatment (36) . IDO induction of DC is dependent on transcription factor Foxp3. Surface CTLA-4 expressed by Treg cells binds B7 molecules on DCs to induce IDO expression and promote a DC regulatory phenotype, and this phenomenon from CTLA-4 to B7 is likely modulated by induced Foxp3 + Treg cells. In addition, IDO may activate Treg cells via the aforementioned AhR and GCN2 pathways. Therefore, there is latent for a mutually reinforcing loop, which maintains a lasting transplant tolerance microenvironment. Additionally, in a study of rat lung allografts, functionally inhibiting cytotoxic CD8 + T cells were demonstrated to be critical in the mechanism of immune modulation of IDO, which reduces infiltrating CD8 + T cells and impairs cytotoxic function on perforin and granzyme A/B secretion (37) .
The role of IDO in infectious diseases. In infectious disease states, IDO exerts pleiotropic effects, acting as a suppressor of intracellular pathogen replication and as an immune regulator. IFN-β and IFN-γ induced tryptophan degradation leads to enhanced IDO activity against pathogens including cytomegalovirus, Herpes simplex virus type 2, Chlamydia psittaci strains and Leishmania donovani (5) . A clinical experiment demonstrated that IDO expression increases in chronically infected hepatitis C patients and acute hepatitis B patients, however not in those from recovered patients or patients with hepatic flare (38, 39) , suggesting that IDO may be an indicator of subsequent immune responses operative during the early phase of infection. Conversely, pathogens are capable of highjacking the immunosuppressive effects of IDO and using them to facilitate their own life cycle. Leishmania parasites circumvent immune clearance via promoting the induction of IDO among host DCs. The immunocompromised response on IDO induction enables a triumphant localization of Leishmania (40) . IDO may be crucial in forming pathogen-induced lung inflammation in the influenza infection, and predisposes the lung to secondary bacterial infection. Inhibition of IDO activity contributes to the activation of the heterosubtypic memory T cell response for cross-protective immunity against the influenza virus (41).
In particular, the human immune deficiency virus (HIV) may induce IDO synthesis to escape the direct killing mechanism of CD8 + cytotoxic lymphocyte recognition. The induction of IDO in APCs via the N-terminal domain of HIV-1 transactivator regulatory protein (Tat) is engendered through an intracellular signaling cascade reaction including Janus activated kinases (Jak) I, phosphatidyl inositol 3-kinase (PI3K) or CTLA-4-B7 interaction, which consequently results in a breakdown of tryptophan to kynurenine and a suppression of T-cell proliferation. IFN-γ signaling resulting in IDO expression may be blocked by JAKs and PI3K inhibitors, however this does not occur with Tat-induced IDO expression, suggesting further investigation is necessary in order to elucidate the novel mechanism underlying IDO induction from Tat proteins in HIV infection (42) . In HIV patients, it has been observed that elevated IDO enzymatic activity in APCs is negatively associated with Th22:Treg and Th17:Treg ratios in the anti-retroviral therapy-naive group, suggesting that imbalance of the ratio of Th22/Th17 to Tregs may contribute to widespread immune dysfunction in HIV-1 infection (43).
Strategies to target IDO
Currently, a broad range of candidate compounds have been developed as IDO-inhibitors for clinical application. Of the IDO inhibitors, 1-methyl-DL-tryptophan (1-MT) is the most extensively studied. There are two available stereoisomers of 1-MT; D and L isomers. L-1MT is advantageous in suppressing the enzymatic activity of IDO (tryptophan degradation into kynurenine) in cell lines. The D-1MT stereoisomer induces T-cell proliferation in allogeneic mixed lymphocyte reactions. IDO-mediated products of tryptophan repress the immunoregulatory kinases mTOR and PKC-θ, which may be relieved by D-1MT. D-1MT acts as a potential tryptophan mimetic in mTOR regulation by restoration of mTOR pathway. Conversely, the immunostimulatory effect of L-1MT is restricted by activation of the AhR pathway in response to production of N-methyl-kynurenine (44) . Overall, D-1MT exhibits a broader range of benefits and is therefore clinically applied to a greater extent, compared with L-1MT.
Additionally, IDO blockade enhances the effectiveness of chemotherapy. Mice administered with IDO-inhibitor plus disparate chemotherapeutic agents, including cyclophosphamide, doxorubicin, or cisplatin, congruously demonstrate smaller tumors compared with those treated with hemotherapeutic agents alone (45) . However, it remains unclear whether this effect may occur as a result of various roles of IDO in restoring Treg-mediated suppression following chemotherapy. Regarding in-situ modification of Tregs, therapeutic anti-tumor vaccinations have improved immune responses in mice with B16 melanoma tumors (46) , inducing extensive conversion of Tregs into polyfunctional ʻreprogrammedʼ IL-17 expressing Th17 cells. Other immune modulators, including anti-CTLA-4 monoclonal antibodies, may ultimately be associated with IDO inhibitors in therapeutic application.
Conclusions
In conclusion, IDO is a physiological host mechanism for immunological tolerance in various settings. IDO functions at the level of metabolic regulation and effects the activation or inhibition of immunity and cellular metabolism via controlling pathways including GCN2, mTOR and AhR. The pivotal role of IDO in immune inhibition is dependent on the depletion of cellular tryptophan levels and the generation of kynurenines that result in T effector cell anergy and induce the proliferation of Tregs. Therefore, regulation of IDO biosynthesis or activity in the immune system exhibits immunological implication in various biological processes, including cancer, transplantation and infection. The targeting of IDO is currently applied in clinics as a therapeutic strategy, however, further investigations are required in order to fully elucidate the mechanisms of the various pathways affected by IDO activation.
